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The metal–salen complexes (metal = Mn, Cr, Fe, Ru, Co, V and Ti) find widespread use as efficient catalysts for the selective ox
of organic sulfides, sulfoxides and aromatic amines. The active oxidant can be generated from the metal–salen ion using PhIO2O2, t-
BuO2H and ClO− as the oxygen source. The catalytic activity of these complexes can be finely tuned by introducing substituents
and 5-positions of the salen ligand. As far as Cr(V) oxidation of amine is concerned, the addition of donor ligand is indispensa
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the oxygenated product. In the absence of donor ligand, oligomerization is a predominant process. Organic sulfoxides perform dual role as
substrates and as donor ligand. This review summarizes recent studies on the metal–salen ion catalysed oxygenation of heteroatom containing
organic compounds, in particular, those incorporating sulfur and nitrogen.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The selective oxygenation of organic compounds catal-
ysed by transition metal ions is one of the most productive
and elegant techniques for the oxo functionalization of or-
ganic substrates[1,2]. For this transformation to take place,
the catalyst must be designed in such a way to avoid the
Fenton chemistry that occurs when metal ions such as fer-
rous or ferric ion interact with oxidants to produce radical
species[3,4]. Clearly, the metal ion should generate a type
of reactive intermediate that is very reactive, but more selec-
tive than the reactive intermediates of Fenton systems. It is
broadly recognized that one such possible intermediate is a
terminal metal-oxo, metal-peroxo and bridging oxo complex
of various types. The terminal oxo complex can arise when
a single catalytic metal ion abstracts an oxygen atom from
an oxygen source making two-electron oxidized metal-oxo
species.

In the last decade, salen ligand [salen = 1,6-bis(2-
hydroxyphenyl)-2,5-diazahexa-1,5-diene] and its derivatives
have received more attention, mainly because of their ex-
tensive applications in the fields of synthesis and catalysis
[5–10]. This attention is still growing, a considerable research
effort is devoted to the synthesis of modified and supported
reagents for catalysis and materials chemistry[11–14]. Due
to the structural rigidity combined with the ease of prepara-
t caf-
f
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transfer agent, whereas in epoxide ring opening, it plays a
dual role, serving both as a Lewis acid to activate the epox-
ide and as a counterion for the nucleophile. This mechanistic
insight serves as an inspiration for the development of cyclic
oligomeric salen complexes that display dramatic reactiv-
ity and higher enantioselectivity relative to their monomeric
counterparts[13,28].

The key problems that the studies of the catalytic reac-
tion cycle need to address are: (a) the nature of the oxygen-
transferring species; (b) the mechanism of oxygen transfer
to the organic substrate; (c) the highly efficient stereochem-
ical communication between catalyst and substrate; and (d)
tuning the catalytic activity of metal–ligand system. In this
respect, metal–salen complexes have several advantages and
these have been outlined in recent reports[29–32].

Though many groups have extensively used these
metal–salen complexes for the epoxidation reaction
[5–11,19–22,29,33–39]and reasonably reviewed[5–11], em-
ployment of these catalysts for the oxidation of organic sub-
strates containing heteroatoms like S, N and P is limited. In
the past decade, our group has concentrated on the utilization
of metal–salen complexes (Cr, Mn, Fe and Ru) as catalysts
for the oxygenation of heteroatoms[30–32,40–44]. The im-
portant observations from our laboratory and others on the
metal–salen ion catalysed oxygenation of heteroatom con-
taining organic compounds particularly S and N are briefly
r
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ion and derivatization of salen ligand, it is an attractive s
old for the development of bifunctional complexes[14,15].
alen ligands bind metal ions through four atoms, two n
en and two oxygen atoms. This tetradentate-binding mo
eminiscent of the porphyrin framework in the heme-ba
xidative enzymes[16–18]. Nonetheless, salen derivativ
re more easily synthesized than porphyrins and their s

ures are more easily manipulated to create an asymm
nvironment around the active metal site. A breakthro
as been the introduction of chiral manganese–salen ca
y the groups of Jacobsen and Katsuki, particularly, fo
poxidation of alkenes[5,6,19–22]. The Jacobsen–Katsu
eaction is universally accepted as one of the most u
nd widely applicable methods for the epoxidation of

unctionalized olefins. Chromium and cobalt complexe
he same ligand framework catalyse highly enantiosele
ing opening reactions of epoxides by a variety of diffe
ucleophiles[23,24]. Researchers anticipated that the me
nisms of epoxidation and epoxide ring opening to be

lar [25]. However, subsequent investigations revealed
he catalyst functions very dissimilarly in the two proces
26,27]. In epoxidation, the catalyst serves simply as an
eviewed in this article.

. Active oxidizing species

An essential feature for understanding the mechanis
he oxygenation reaction is the electronic structure of th
ive species and how it is affected by the nature of the ox
ource, substituents in the ligand, medium of the rea
nd by coordination of axial ligands. Indeed, knowledg
lectronic structure of the active species is decisive fo
erstanding the nature of the terminal MO bond and it
eactivity[45].

.1. Iron and ruthenium

Iron plays a unique role in biological systems, as
ymes containing iron are of crucial importance in e
ron transfer reactions and in the activation and transpo
mall molecules, such as molecular oxygen[16–18,46,47].
espite the similarity between the porphyrin and salen

ar less attention has been paid on the catalytic rol
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iron(III)–salen complexes in contrast to the widespread inter-
est in iron(III)–porphyrin catalysed oxygenation of organic
substrates containing heteroatoms[1,2,16–18].

The iron(III)–salen complexes are likely to mimic the
oxygenase activity of enzymes like cytochrome P-450[48].
The oxo(salen)iron complexes generated from iron(III)–salen
complexes and PhIO are characterized by UV–vis, resonance
Raman (RR), EPR and ESIMS spectral techniques. The par-
ent iron(III)–salen complex shows characteristic absorption
at λmax= 470 nm. The formation of oxo iron complex is in-
ferred from the following experimental observations: (i) the
dark colour of the iron(III)–salen solution fades upon the
addition of PhIO; and (ii) there is a substantial decrease in
the absorbance and a shift in theλmax value. Resonance Ra-
man spectra of iron(III)–salen and oxo(salen)iron complexes
are recorded at room temperature using excitation at 488 nm
(ArO− → Fe CT transition). For the parent salen complex
[FeIII (salen)]+ and its oxo complex [OFeIV (salen)]•+, the
strongest RR bands are in the region between 1000 and
1700 cm−1, which includes the internal ring modes of the
phenolate ligands as well as the C−O stretching vibrations.
An interesting observation in the RR spectrum of the iron-
oxo complex compared to the iron(III)–salen complex is
that a dramatic decrease is observed in the intensities of all
modes in the range of 1300, 1400 and 1600 cm−1. In the
case of FeIII –porphyrin complexes, the reduced intensity has
b -
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o ts
a in
i
b tion
r pec-
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where the active species in oxidation reaction is believed
to be the metal-oxo compound, the cationic oxo species
[(salen)Mn(V)(O)]+ has been postulated to be the active
oxidant [40–42,59–62]. This has been supported by the
characterization of the [(salen)Cr(V)(O)]+ ion [19] and of
the isoelectronic [(salen)Mn(V)(N)][61]. Although claims
of detecting [(salen)Mn(V)(O)]+ species have been made
recently by 1H NMR [63] and ESIMS[64–67] spectral
methods, both have deficiencies. Furthermore, several re-
search teams recently paid attention to the transformation
of the cationic [(salen)Mn(V)(O)]+ to the neutral species
[(salen)Mn(IV)(O)] in the absence of substrate[68,69]. The
species [(salen)Mn(IV)(O)] exhibits characteristic ESR spec-
trum and oxidizes olefins via a stepwise radical mechanism.
Although the build up of [(salen)Mn(IV)(O)] in the pres-
ence of substrate is unlikely, such species could certainly
play a principal role at high conversion and with rigid sub-
strates. In addition to monomeric species, several dimers
such as Mn(III)Mn(IV) and Mn(IV)Mn(IV) have been re-
ported to be involved in the reaction as well[63,65–67,70].
Thus, a number of species besides [(salen)Mn(V)(O)]+

ion could form in the reaction conditions and should be
taken into account in the interpretation of experimental
data. Till now, no structural information is experimentally
available for [(salen)Mn(V)(O)]+ ion, while an estimate of
its geometry has been obtained from the X-ray data of
[
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[
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H pi-
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t na-
t hus,
o ox-
i udy
w

een attributed to the formation of porphyrin�-cation rad
cal [18]. In addition to the above bands, a weak low
uency band at 839 cm−1 is observed for the iron-oxo com
lex. It is interesting to note that the low frequency spect
f [O FeIV (TMP)]•+ (TMP = tetramethylporphyrin) exhibi
polarized�(Fe O) mode at 835 cm−1. The decrease

ntensity of all peaks in the range 1300–1700 cm−1 has
een taken as evidence for the formation of ligand ca
adical. Thus, on the basis of the RR and UV–vis s
ral study, the oxo(salen)iron complex is represente
O FeIV (salen)•+]+. The ESIMS study also supports
ormation of oxo(salen)iron ion but the chloride ion is
ached from coordination site when oxo complex is ge
ted from [FeIII (salen)]+ and PhIO[48,49]. Similar char
cteristics have been observed for oxo(salen)ruthenium

42].

.2. Manganese

The discovery of Kochi–Jacobsen–Katsuki (KJK) c
yst for the epoxidation of olefins with a variety of oxida
rovided a remarkably versatile and highly enantiosele
ethod in organic synthesis[5–11,19–22,29,34–39,50–5.
he KJK system is superior to its porphyrin analogues
as attracted considerable pursuit in mimicking cytochr
-450. Numerous experimental studies have demons

hat [(salen)]Mn(III)]+-derived species can easily oxid
lkenes and sulfides, while the nature and identity of
eactive species still need to be elucidated[50–58]. On
he basis of the similarity to their porphyrin analogu
(salen)Cr(V)(O)]+ [19] and [(salen)Mn(V)(N)][61]. In elu-
idating the geometric and electronic structures of the
ient intermediates, one of the best approaches is the
um mechanical calculation. Recently, several density f
ional studies on the geometric and electronic struct
f the complex [(salen)Mn(V)(O)]+ have been publishe

33,50–52,71–75].
In our studies, the formation of oxo(salen)manganes

pecies from [(salen)MnIII ]+ and PhIO is associated w
he following two changes: (i) the light brown colour g
arkened; and (ii) the characteristic peak of Mn(III)–sa

on atλmax= 350 nm disappears and a new absorption b
ith λmax= 530 nm appears. The new absorption band
max= 530 nm has been assigned to�-oxomanganese(IV
imer, which is in equilibrium with Mn(III) and Mn(V) ion
Eq.(1)):

[O MnV(salen)]+ + [MnIII (salen)]+

� [(salen)MnIV OMnIV (salen)]2+ (1)

owever, MnV and MnIV species are spectrosco
ally indistinguishable. The disproportionation of
-oxo(salen)manganese(IV) dimer back to the ac
xo(salen)manganese(V) in Eq.(1) clearly indicate

hat the �-oxodimer merely serves as an alter
ive source of oxo(salen)manganese(V) ion. T
xo(salen)manganese(V) ion behaves solely as the

dant for the oxidation of organic substrates in our st
hen PhIO is the oxygen source.
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Apart from PhIO, H2O2 and−OCl have also been used
as oxygen sources[41,44,57]. Reaction of oxygen atom
transfer from H2O2 and alkyl hydroperoxides is generally
slow and often complicated by radical chain reactions[76].
In previous reports of metal complexes catalysed oxidation
studies with peroxides, metal-oxo, and metal-peroxo and in
some cases, metal-independent peroxo or peroxy radicals
have been proposed as reactive intermediates[52]. Man-
ganese complexes, among a set of metal complexes con-
taining the same ligand, behave peculiarly by not prefer-
ring the metal-independent reactive species in oxidation re-
actions catalysed by them[77]. The fact that the metal de-
rived oxidizing species is established by the changes in
the reaction rate with respect to changes in electronic and
steric environment of the Mn(III)–salen complexes (vide
infra). The development of a new absorption band with
λmax∼ 420 nm on mixing H2O2 with Mn(III)–salen com-
plex and the subsequent decay of this band on adding or-
ganic sulfide indicates that this new species havingλmaxvalue
at 420 nm might be the species responsible for the oxida-
tion. The absence of a band atλmax∼ 530 nm, which is ob-
served in the Mn(III)–salen/PhIO system, clearly shows that
the oxidizing species here is not oxo(salen)manganese(V)
ion. By comparing the spectral observations with earlier re-
ports, it is concluded that the active species responsible for
t xide
s in
E
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t

2

rned,
t or-
r ene
u ess
[ s
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l m-
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a nd
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p en-
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o red
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963 cm−1 upon isotopic substitution with18O. Furthermore,
the presence of d1 electron characteristic of a chromium(V)
complex is indicated both by the magnetic susceptibility
of 1.85µB and an isotropic ESR spectrum showing well-
resolved nitrogen (aN = 2.15 G) and chromium (aN = 19.35 G,
I = 3/2 for53Cr in 9.55% natural abundance) splitting centred
at 〈g〉 = 1.978 at 25◦C [19,31,32].

2.4. Titanium

Oxo(salen)titanium ion has been generated using hy-
drogen peroxide as a terminal oxidant[79,80]. The X-
ray diffraction analysis made on the complex formed from
titanium–salen and hydrogen peroxide shows acis-� struc-
ture corresponding to a di-�-oxoTi(salen). However, in
methanolic solution, a monomeric Ti(salen) is formed by a
rapid alkoxide switch over and this reacts with hydrogen per-
oxide or urea–hydrogen peroxide (UHP) to give the corre-
sponding peroxo species (Eq.(3)):

2

ique
i as to
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i jima
a har-
a (IV)
a
t

3

that
t cally
b lde-
h thers
[ ec-
t
t flu-
e tion
p ating
a and
t

he oxidation is probably a manganese(III) hydropero
pecies, [(salen)MnIII OOH] and its formation is expressed
q.(2):

[(salen)MnIII ]+ + H2O2 + H2

O → [(salen)MnIII OOH] + H3O+ (2)

similar [MnIII OOH] complex as an active species has b
ostulated in the [(TPP)MnIII Cl] catalysed epoxidation o
lefins with H2O2 [78]. When−OCl is used as he oxida

he formation of a peak with absorption maximum at 530
s taken as the spectral evidence for [(salen)Mn(V)(O)]+ as
he active oxidizing species[44].

.3. Chromium

As far as chromium–salen complexes are conce
he Cr(III)–salen ion is readily converted to the c
esponding oxochromium(V) species by iodosylbenz
nder the reaction conditions of the catalytic proc

11,19,29,31,32,35–37,43]. The oxochromium(V) ion ha
een isolated as a single crystal suitable for X-ray cry

ography from the treatment of chromium(III)–salen co
lex and PhIO, followed by precipitation with diethyl eth
nd recrystallization from a mixture of acetonitrile a
hlorobenzene[19]. The ORTEP diagram clearly shows
resence of the oxo functionality on the chromium c

re displaced∼0.5Å above the mean salen plane to
cribe a roughly square-pyramidal coordination[19]. The
xo-chromium functionality is characterized by an infra
bsorption (stretch) at 1003 cm−1, which is displaced t
(3)

.5. Vanadium

The use of vanadium complexes as oxidants is of un
nterest and early work in this regard opened up new vist
se the other transition metal complexes for the said purp
he oxo functionality of oxo vanadium complexes take

n a number of interesting oxo-transfer reactions. Naka
nd co-workers[81] have reported the preparation and c
cterization of optically active Schiff base oxo-vanadium
nd oxo-vanadium(V) complexes (Figs. 1 and 2) and studied

heir catalytic properties.

. Redox potentials of metal–salen complexes

One of the attractive features of salen-based ligand is
he ligands may be tuned both sterically and electroni
y the variation of corresponding diamines and salicyla
yde ligand precursors. Recent studies carried out by o

22] and us[30–32,42]revealed that alterations in the el
ronic properties of the substituents at the 5,5′-position of
he catalyst can have profound effect. To quantify the in
nce of 5,5′-substituent on the oxidation reaction, reduc
otentials of metal–salen complexes with electron-don
nd electron-withdrawing groups have been evaluated

he data are given inTable 1.
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Table 1
Reduction potential of metal(III)–salen complexes and oxo(salen)chromium(V) complexes in the presence of electron releasing and withdrawing substituents
in the salen liganda

Iron Ruthenium Manganese Chromium

Complex Ered vs. SCE (V) Complex Ered vs. SCE (V) Complex Ered vs. SCE (V) Complex Ered vs. SCE (V)

Ia −0.28 IIIa −0.72 Va −0.45 VIIIa +0.44
Ib −0.15 IIIb −0.66 Vb −0.59 VIIIb +0.40
Ic −0.24 IIIc −0.76 Vc −0.35 VIIIc +0.60
Ie −0.30 IIId −0.84 Vd −0.08 VIIId +0.60
If −0.68 VIIIe +0.24

VIIIh +0.45
VIIIi +0.61
VIIIj +0.22

a For iron, ruthenium and manganese complexes, the reduction potentials of the couple M(III)/M(II) and for chromium complexes the reduction potentials
of the couple M(V)/M(IV) are given.

Only in the case of Cr, the oxo(salen)chromium(V)
ion is stable and characterized without any ambiguity. On
the other hand, oxo-metal ions of Mn, Fe and Ru have
transient existence. Interestingly, the reduction potentials
of metal(III)–salen complexes and oxo(salen)chromium(V)
complexes correlate well with the Hammett’sσ constants
[22,31,32,42]. Thus, the systematic variation in the reactiv-
ity of oxo(salen)metal ions with the change of substituent in
the salen ligand can be rationalized in terms of redox poten-
tials.

From the mechanistic point of view, this significant elec-
tronic effect on the reactivity of oxometal ion may be as-
cribed to any of the several factors. One of the possibilities
is that substituents may effect changes in the metal-oxo bond
length in the active species in turn altering the non-bonding
ligand interactions in the relevant states. However, such ef-

F m(V)
c

fects on metal-oxo bond length are typically less pronounced
[82]. An alternate explanation is that the electronic effect
on the oxidation derives from alterations in the reactivity of
the metal-oxo intermediate exerted by the substituents on the
catalyst. Electron-donating substituents on the catalyst would
be expected to stabilize the high valent metal-oxo interme-
diate attenuating its reactivity and then generating a rela-
tively milder oxidant. Similarly, electron-withdrawing sub-
stituents on the catalyst are expected to destabilize the metal-
oxo intermediate making it a more reactive oxidant. These
results of electrochemical studies on catalyst[22,30–32,84]
provide credence to this supposition. There is a clear cor-
relation betweenσp of the 5,5′-substituent and the value of
E1/2 for the Mn(II)/Mn(III), Fe(II)/Fe(III), Ru(II)/Ru(III) and
Cr(IV)/Cr(V) redox couples. Accurate measurement of the
redox potentials for higher metal oxidation states in the case
of Mn, Fe and Ru was precluded by the instability of M(IV)
and M(V) species under the electrochemical reaction condi-
tions.

In accordance with the Hammond postulate, a milder ox-
idant should lead to an oxygen transfer to substrate via a
more product-like transition state since this conversion in-
volves the encounter of two reactants, which at the origin
of the reaction coordinate do not interact at all. Oxo trans-
fer from a more reactive oxidant, on the other hand, should
proceed via a more reactant-like transition state with greater
s con-
s ition
s sively
i ade
o

4
a

4

sis
a es as
igs. 1 and 2. Oxo(salen)vanadium(IV) and oxo(salen)vanadiu
omplexes.
patial separation between substrate and catalyst and
equently poorer differentiation of diastereomeric trans
tructures. These postulations have been verified exten
n the epoxidation reaction but little attempt has been m
n sulfoxidation[22].

. Oxidation of organic sulfur compounds—synthesis
nd mechanism

.1. Iron and ruthenium

In recent reports[30,49], we have described the synthe
nd characterization of several oxo(salen)iron complex
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represented in Eq.(4):

(4)

The oxygenation of organic sulfides to sulfoxides with
oxo(salen)iron complexesIIa –f in CH3CN proceeds through
saturation kinetics implying that the reaction proceeds
through Michaelis–Menten type mechanism (Eqs.(5) and
(6)):

oxidant + substrate� complex (5)

complex
k−→ product (6)

The electron-donating substituents present in thepara-
position of the phenyl ring of PhSMe accelerate the rate and
the electron-withdrawing groups decelerate it. Thek values
are analysed in terms of the Hammett equation and the reac-
tion constant (ρ) value is in the range of−0.65 to−1.54 for
d ing
s n the
r

low
M g
b
i ter
t rome
P

to −2.92 from the plots of logk versusEox was observed by
Goto et al.[85] and a mechanism for the reaction proceeding
via direct oxygen transfer was postulated (Scheme 1).

To check the utility of these oxo(salen)iron complexes
as useful reagents, the percentage yield of sulfoxide formed
from the oxidation of sulfide has been measured. The con-
version of sulfide to sulfoxide is efficient and selective and
depends on the nature of the substituent in the oxidant and
substrate that support the proposed mechanism (Scheme 1).
The yields of sulfoxides formed from the selective oxygena-
tion of p-XC6H4-S-CH3 with iron–salen complexes are col-
lected inTable 2.

ed
f rgo
e on
t ss
p
w s be-
h nding
s n of
o b-

for su
ifferent oxo(salen)iron complexes. The effect of introduc
ubstituent in the salen ligand had the opposite effect o
ate of oxidation and theρ value is positive (ρ = 0.8).

The saturation kinetics observed here and
ichaelis–Menten constant,KM values indicate stron
inding of substrate with the oxidant. Thek/KM values are

n the range 0.2–1.6 withIIb and these values are bet
han the values observed with HRP and human cytoch
-450 A12 [83,84]. The slope values in the range of−1.70

Scheme 1. Proposed mechanism
Six oxo(salen)iron complexes (IIa –f) have also been us
or the oxidation of organic sulfoxides which may unde
ither electrophilic or nucleophilic oxidation depending

he nature of the oxidant[86–88]. Further, sulfoxides are le
owerful nucleophiles compared to organic sulfides[89]. To-
ards oxo(salen)iron complexes, the organic sulfoxide
ave as nucleophiles and are oxidized to the correspo
ulfones. The kinetic results obtained for the oxidatio
rganic sulfoxides withIIa –f are very similar to those o

lfide oxidation by iron–salen complexes.
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Table 2
Yields of sulfoxides formed from the oxygenation ofp-XC6H4-S-CH3 in
CH3CN at 298 K by oxo(salen)iron complexes,IIa andIIb a

X IIa IIb

Reaction
time (min)

Sulfoxide
(%)

Reaction
time (min)

Sulfoxide
(%)

H 120 88 60 100
OMe 90 85 50 100
Me 120 100 60 100
F 120 95 60 85
Cl 120 78 60 75
Br 120 77 60 68
COCH3 120 39 60 70
CN 140 41 80 47
NO2 140 49 80 43

a For the details of the structure of oxo(salen)iron complexes, refer Eq.
(4).

served for the oxidation of organic sulfides, i.e., the reaction
proceeds through Michaelis–Menten kinetics. The reaction
constant (ρ) values are less for organic sulfoxides and are in
the range of−0.43 to−0.85. Thus, organic sulfoxides are
less reactive and less sensitive to the change of substituents
in thepara-position of phenyl ring of PhS(O)Me. Based on
these observations, a mechanism similar to the one shown in
Scheme 1has been postulated for the oxo(salen)iron com-
plexes oxygenation of organic sulfoxides.

Recently, there has been an upsurge of interest on the
redox reactions of ruthenium-oxo complexes with organic
substrates[90]. Owing to the periodic relationship between
ruthenium and iron, the chemistry of ruthenium porphyrins
has been subjected to extensive study as models for reactive
cytochromes. We have used four oxo(salen)ruthenium(V)
complexes (IVa–d) generated in situ from a series of
RuIII (salen)(PPh3) complexes,IIIa –d and PhIO (Eq.(10))
for the oxidation of organic substrates:

[RuIII (5, 5′-X2salen)(PPh3)(CH3CN)] + PhIO
IIIa –d

→ [O RuV(5, 5′-X2salen)(PPh3)]
+

IVa–d
+PhI+ CH3CN

(10)

wherea: unsubstituted;b: 5,5′-(OCH3)2; c: 5,5′-Cl2; d: 5,5′-
(NO ) .The Ru(III)–salen and oxo(salen)ruthenium(V) com-
p pec-
t ntly

by oxo(salen)ruthenium(V) complexes to the correspond-
ing sulfoxides. The fractional order dependence and the
saturation kinetics observed with respect to the substrate
indicate reversible complex formation between the oxi-
dant and the substrate. The rate constants for the decom-
position of the oxidant–substrate complex evaluated from
the Lineweaver–Burk plots correlate better withσ+/σ– val-
ues (r = 0.996,ρ =−0.60) rather than Hammett’sσ values
(r = 0.965,ρ =−0.99). To account for the spectral and kinetic
data, a mechanism similar toScheme 1has been proposed
for the oxo(salen)ruthenium ion oxygenation of organic
sulfides.

4.2. Manganese

The first report on the sulfoxidation reaction using
Mn(III)–salen complexes as catalysts and H2O2 as the ox-
idant is from the laboratory of Jacobsen and co-workers[57].
This group recommended the use of H2O2 as a terminal oxi-
dant to prevent over oxidation to sulfones in the oxidation of
sulfides. However, Katsuki and co-workers[6,21,58]proved
that H2O2 is not a good terminal oxidant. In all cases, the
use of H2O2 led to considerably lower chemical yields as
compared with PhIO. After many trials for years, Katsuki’s
group synthesized a complex bearing methoxy group in the
s e re-
m that
t . In
o uki
a
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t sed
[

e ox-
i
a xes
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c ds
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i of
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lexes have been characterized by UV–vis and IR s

ral techniques. Organic sulfides are oxidized efficie
alicylaldehyde part and found that complex showed th
arkably enhanced asymmetric induction (62% ee) and

he ratio of sulfoxide to sulfone was improved to 6.9:1
rder to improve the enantioselectivity of sulfoxide, Kats
nd co-workers added donor ligands such as pyridineN-oxide
PyO). Surprisingly, all the ligands examined showed the
tive effect on enantioselectivity, though the ratio of sulfox

o sulfone was further improved to 4:1 when PyO was u
39].

In the past decade, we have carried out the work on th
dation of organic sulfides and sulfoxides using PhIO, H2O2
nd ClO− as oxidants and several Mn(III)–salen comple
s catalyst[40–42,44]. It is interesting to point out the diffe
nt kinetic features shown by H2O2 and PhIO/ClO− towards

he oxidation of organic sulfides. The Mn(III)–salen
atalysed PhIO/ClO− oxidation of organic sulfides procee
y clean second-order kinetics, first order each in the
ant and substrate. In this reaction, oxo(salen)mangane

on (VI ) is generated by stirring a clear brown solution
n(III)–salen complexes (V) in CH3CN with PhIO/ClO−

Eq.(11)):

(11)
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Scheme 2. Proposed mechanism for manganese–salen catalysed sulfoxide
oxidation.

The logk2 values of meta- and para-substituted phenyl
methyl sulfides vary linearly withσp giving ρ values in the
range of−1.4 to−2.1. The negative value ofρ indicates an
accumulation of positive charge at the sulfur centre, while
the magnitude ofρ value indicates the extent of charge de-
velopment on the sulfur atom in the transition state. Hammett
correlation of logk2 versus

∑
σp (whereσp is the Hammett

substituent constant for each of thepara-substituents in the
salen ligand) shows a linear relationship giving positiveρ

value (ρ = 0.48) indicating the build-up of negative charge
on the metal centre in the transition state. To account for
the spectral and kinetic data, a mechanism involving electron
transfer from the substrate to the oxidant instead of shown in
Scheme 2has been postulated.

A clear picture on the mechanism (Scheme 3) of the oxy-
genation of organic sulfides and sulfoxides emerges from
a comparison of results on organic sulfoxides with those
observed for the oxo(salen)manganese(V) complexes ox-
idation of organic sulfides. The oxo(salen)manganese(V)
ion oxygenation of organic sulfoxides follows second-order
kinetics, first order in each reactant similar to the oxi-
dation of organic sulfides. The logk2 values show bet-
ter correlation withσp (r = 0.997,ρ =−2.44) thanσ+

p /σ−
p

(r = 0.984, ρ+ =−1.54). The electronic effects on the re-
activity of oxo(salen)manganese(V) complexes give aρ

value of 0.52. There is an excellent correlation between
E
s ng a
5 al of
t ub-
s

nd
s able

and theρ values are always higher with sulfoxides. These data
are in accordance with the Hammond postulate i.e., consistent
with a common SN2 mechanism wherein only the position
of the transition state changes from one substrate class to the
next. The more electron-rich sulfides should have an earlier
transition state for interaction with an electrophilic metal-oxo
complex and will thus exhibit less charge on S and a weaker
influence of the substituent, leading to a lowρ value. The re-
verse is the case with less nucleophilic substrates, sulfoxides
giving a fairly higherρ value. Based on these arguments, a
common mechanism shown inScheme 2has been proposed
for oxo(salen)manganese(V) ion oxygenation of organic sul-
fides and sulfoxides.

A different mechanism (Scheme 3) is proposed for the ox-
idation of sulfides by H2O2 in the presence of Mn(III)–salen
complexes. The proposed mechanism involves the reversible
formation of an intermediate complex (C2) between C1 and
sulfide. Then the intermediate complex C2 decomposes to
give (salen)MnIII ion and sulfoxide in the rate determining
step. The correlation of logk2 of p-XC6H4-S-Me with Ham-
mett’sσp values shows excellent linearity (r = 0.994) yield-
ing aρ value of−0.85. The lowρ value−0.85 observed in
this reaction may be due to the weak electrophilic charac-
ter of the oxidant (C1) than the oxo(salen)manganese(V) ion
which gives aρ value of−1.85 in the oxidation of aryl methyl
sulfides.
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ubstituents (slope = 0.24). Thus, the effect of introduci
,5′-substituent in the salen ligand on the redox potenti

he metal-oxo complex is mainly responsible for the s
tituent effect on the rate of the oxygenation reaction.

It is surprising that the reactivity of organic sulfides a
ulfoxides towards these Mn(V) complexes is compar

Scheme 3. Proposed mechanism for manganese–s
.3. Chromium

As far as the biological importance of metal ions are c
erned, iron and manganese have well developed bio
anic chemistry[46]. On the other hand, still there is deb
n the role of chromium whether it is an essential trac
ment for mammals or not. Nonetheless, it has been s

hat trivalent chromium (Cr3+) is actually an essential nut
nt, needed for the expression of glucose tolerance[91,92].
part from this biological relevance of these Cr3+ complexes
r(III)–salen complexes have been extensively used as

ysts for the oxidative transformations of a variety of orga
ubstrates[11,23,24,31–37]. The role of [CrIII (salen)]+ as a
ridge between asymmetric catalysis, Lewis acids and r
rocesses is projected recently in a feature article by Ba
t al.[11].

In recent years, we have generated oxo(sa
hromium(V) ions (VIIIa –j ) from Cr(III)–salen com

talysed sulfide oxidation in the presence of hydrogen peroxide.
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plexes (VIIa –j ) and PhIO (Eqs.(15) and (16)) and used
them for the oxygenation of organic sulfides and sulfoxides
in the presence and absence of donor ligands like pyridine
N-oxides, imidazole, etc.[31,32,43]:

(15)

(16)
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he oxygenation of organic sulfides withVIIIa –j is overall
econd order, first order with respect to the oxidant and
ubstrate. Kinetic studies in different ratios of solvent sys
CH3CN–H2O) revealed that the influence of solvent on
ate is substantial; this increase may not only to a chan
olarity but also due to other effects. The addition of H2O
hifts λmax of [O CrV(salen)]+ from 560 to 600 nm. Thu
2O is coordinated to the metal and it is likely to act as
xial ligand enhancing the rate substantially.

The analysis of kinetic data observed forp-XC6H4-S-Me
ith the Hammett equation gives negativeρ values in the

ange−1.14 to−2.72. From the recent literature, it is kno
hat oxygen atom transfer to organic sulfides from oxo-m
omplexes proceeds generally by two different mechan
ingle-electron transfer from the substrate to the oxidan
N2 mechanism[93]. However, a twofold mechanism h
een proposed in some oxidation reactions[94]. In the presen
tudy, the nucleophilic attack of sulfide on the Cr centre
e excluded, as it is difficult to explain the formation of s

oxide from such a formulation. The coordination of the s
trate to the metal is not significant, which is evident f
he following observations: (i) When the substrate is ad
o [O CrV(salen)]+, there is little change in the absorpt
pectrum of the latter. Addition of trichloroacetic acid, H2O
nd donor ligands such as imidazole and pyridineN-oxide to

O CrV(salen)]+ produces a substantial shift in theλmax. (ii)
he reaction is clearly first order in the substrate and no
ation kinetics with respect to substrate is observed. Whe
eaction between [OCrV(salen)]+ and PhSMe was carrie
ut at different concentration of MnII , no substantial chang
E◦ = 1.53 V) also rules out the operation of electron-tran
echanism. Thus, a mechanism involving the electrop
ttack of oxygen at the sulfur centre of the organic su
Scheme 4) has been proposed. However, an electron-tra
echanism has been proposed by Lee and co-workers[95].
he yields of sulfoxides formed from the selective oxyge

ion of organic sulfides by oxo(salen)chromium comple
re given inTable 3. The transition state of the reaction m
e represented as shown inFig. 3.

The study has been extended to the oxo(sa
hromium(V) ion oxidation of organic sulfoxides. Intere
ngly sulfoxides bind with Cr(V) ion and the absorption m
mum,λmax, of Cr(V) ion shifts from 560 to 606 nm and t
eak sharpens (Fig. 4).

From these spectral studies, it is realized that DMSO
ryl methyl sulfoxides bind with all Cr(V)–salen complex

cheme 4. Proposed mechanism for chromium–salen catalysed sulfi
dation.
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Table 3
Yields of sulfoxides formed from the selective oxygenation ofp-XC6H4-S-CH3 with chromium–salen complexes,VIIIa andVIIIg –j in CH3CN at 298 Ka

X VIIIa VIIIg VIIIh VIIIi VIIIj

Reaction
time (min)

Sulfoxide
(%)

Reaction
time (min)

Sulfoxide
(%)

Reaction
time (min)

Sulfoxide
(%)

Reaction
time (min)

Sulfoxide
(%)

Reaction
time (min)

Sulfoxide
(%)

H 240 96 150 99 180 82 180 96 300 96
OMe 60 95 25 99 150 92 135 100 180 100
Me 75 93 25 90 160 88 135 98 240 98
F 200 78 120 70 180 65 150 72 300 72
Cl 240 60 150 55 240 68 180 49 320 49
Br 240 61 150 57 240 55 180 52 350 52
COCH3 240 40 150 42 400 59 180 61 380 61
COOH 240 30 150 27 400 51 180 45 380 45

a For the details of the structure of oxo(salen)chromium(V) complexes, refer Eq.(15).

Fig. 3. Transition state for the electrophilic attack of oxygen on electron-rich sulfur represented inScheme 5. The oxo(salen)chromium(V) complex isVIIIj .

Fig. 4. Absorption spectra ofIIc (4× 10−4 M) in the presence and absence
of LO. (1) In the absence of LO; (2) in the presence of 0.1 M DMSO; (3) in
the presence of 0.001 M Pic NO; (4) in the presence of 0.1M PyO; (5) in the
presence of 0.01 M TPPO.

Interestingly, the bound sulfoxides act as donor ligands to
catalyse the oxidation of organic substrates[96]. When
MPSO and DMSO are added to oxo(salen)chromium(V)
ions, a shift in theλmax value to the tune 10–60 nm is
observed and the OD of Cr(V) ion increases with the in-
crease in [sulfoxide] and it attains the maximum OD at
[MPSO] = 0.1 M. This behaviour of oxo(salen)chromium(V)
ion differs from that of oxo(salen)manganese ion toward sul-
foxide. The increase in OD with [sulfoxide] has been uti-
lized to estimate the binding constant of sulfoxides with
oxo(salen)chromium(V) ion and the binding constant val-
ues are in the range 10–150 M−1. From the absorption spec-
trum of Cr(V) ion in the presence of sulfoxide at different
time intervals, it is realized that the oxygenation reaction
takes place after the binding of the substrate to the oxidant.
From these experimental observations, it is proposed that the
first step of the mechanism involves binding of sulfoxides
to the chromium centre of the oxidant. Here, sulfoxide has
a dual role, it acts as a donor ligand as well as a substrate
[97,98]. Thus, the real oxidant in the present condition is
the chromium(V)–sulfoxide adduct, which oxygenates the
excess sulfoxide present in the system. Under the present ex-
perimental conditions, although three different modes of ox-
idation may be envisaged, the most probable mechanism is
a bimolecular (outer sphere) electrophilic oxidation carried
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Scheme 5. Proposed mechanism for sulfoxide oxidation by chromium–salen complexes.

out by oxidant–sulfoxide adduct at a non-ligated sulfoxide
(Scheme 5). The strong binding of sulfoxide to the Cr centre
weakens the CrO bond in the oxo(salen)chromium(V) ion
facilitating oxygen transfer from the oxidant to the substrate
[31].

4.4. Titanium

Saito and Katsuki[79,80]recently reported a highly enan-
tioselective sulfoxidation using di-�-oxoTi(salen) complex
in methanol as the catalyst. FABMS and1H NMR spectral
measurements showed that the square planar structure of the
salen ligand is readily changeable to thecis-� structure when
a bidentate ligand is coordinated to the titanium ion. The
authors examined the sulfoxidation of MPS with di-�-oxo
complexes of different enantiomeric excesses, which were
prepared by mixing (R,R)- and (S,S)-di-�-oxo complex in
methanol (Figs. 5 and 6). From this study, they have con-
cluded that (R,R)-di-�-oxo complex in methanol rapidly dis-
sociates into a monomeric Ti(salen) complex and reacts with
H2O2 to give the corresponding peroxo species which under-
goes sulfoxidation (Scheme 6).

4.5. Vanadium

The oxidation of sulfides to sulfoxides by oxo-
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anadium(IV) and oxo-vanadium(V) complex is almost co
lete and in many cases the optical yield (ee) ranges bet
0 and 40%[81,99]. This reaction has been studied usin
emi-synthetic vanadium peroxidase catalyst by Vande V
t al.[100]. The ease of access of the active site of the pe
ase has been explored by comparing the results of oxid
f a series ofmeta- andpara-substituted phenyl methyl su
des as well as ethyl phenyl sulfides. Electron-withdraw
roups in thepara-position of the phenyl ring of PhSMe low

he rate of oxidation and methyl or methoxy substituent
ult in a slight increase in the rate. The results are cons
ith a rate limiting nucleophilic attack of the sulfur atom

he substrate on an electrophilic peroxo species (Scheme 7).
anadium complexes can also activate molecular oxyge
xygenation reactions and they have been described in
ious report[81,89,101]

.6. Other metal ions

Miyazaki and Katsuki[102] studied the asymmetric su
oxidation using chiral niobium complexes as cataly
hey prepared niobium–salen complexes in situ by mi
quimolar amounts of NbCl3(dme) and salen ligands. T
ense of asymmetric induction of these complexes is dic
y the chirality of their diamine unit and the chirality at the
aphthyl unit has a crucial influence on the magnitude o
symmetric induction. They have also used niobium–c

igand complexes (Figs. 7 and 8) as catalysts. (aS,R)-IXa and
aR,S)-Xa are superior to (aR,R)-IXb and (aR,R)-Xb type of
omplexes.
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Figs. 5 and 6. (R,R)-Di-�-titanium–salen and (S,S)-di-�-titanium–salen
complexes.

4.7. Comparison of metal complexes’ oxidation of
organic sulfur compounds

To get a clear picture on the electrophilicity of the
oxo(salen)–metal complexes and the reactivity of these com-
plexes toward biologically important substrates, organic sul-
fides and sulfoxides, we have used four metal ions, Fe, Ru,
Mn and Cr. The metal ions Fe and Ru have similar behaviour.
Chromium ion has a unique role because of its well-known
utility in synthesis and its carcinogenicity[103,104]. If the
reaction between Cr and organic substrates were to proceed
through an electron-transfer mechanism, radicals would be

Scheme 7. Mechanism for vanadium–salen catalysed sulfide oxidation as
proposed by Vande Velde et al.[100].

produced as intermediates, and the redox system is prone to
greater toxicity. We have shown that oxo(salen)chromium(V)
complexes oxidize organic sulfides selectively and the reac-
tion proceeds through a clean bimolecular electrophilic ox-
idation reaction. Further, the results observed in our study
show that organic sulfoxides have a dual role. When they
are used as substrates toward oxo(salen)chromium(V) com-
plexes, the sulfoxide binds with chromium(V) ion and thus
operates as a donor ligand. Thus, chromium(V)–sulfoxide
complex has the propensity to act as a catalyst for the ox-
idation of organic substrates. To check the catalytic role of
organic sulfoxides, the kinetics of the reaction between oxo-
(salen)chromium(V) complexes and organic sulfides in the
presence of MPSO have also been monitored. These data
show that organic sulfoxide acts as a catalyst for the oxida-
tion of organic sulfides. This catalytic activity of sulfoxides
is similar to the role of PyO and Ph3PO, and data obtained in
the presence of PyO and Ph3PO are included inTable 4.

Further, donor ligands like PyO and Ph3PO have diminu-
tive effect on the oxygenation of organic sulfides with salen
complexes of Mn and Fe[30,40–42]. However, in the case
of Mn and Fe complexes, sulfoxides act only as substrates.

Scheme 6. Titanium–salen catalysed sulfoxidat
ion as proposed Katsuki and co-workers[79,80].
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Figs. 7 and 8. Chiral niobium–salen complexes.

It is worthwhile to recall that the electronic nature of the sul-
foxide and its interaction with the metal atom play a key role
in the global stereoselectivity of the sulfoxidation process. It
is known that the over oxidation of sulfoxide to sulfone is
pivotal in enhancing the enantiomeric excess of the sulfoxide
by kinetic resolution[105]. The data given inTable 4show
that all donor ligands catalyse the Cr(V) oxidation of organic

sulfides and the reaction constant (ρ) obtained with the catal-
ysed reaction is always small compared to the uncatalysed
oxidation.

5. Oxidation of organic nitrogen compounds

The oxidation of aromatic amines is complicated by the
operation of several reaction paths. Not only substitution on
nitrogen, but also hydrogen abstraction from nitrogen and
addition of oxygen to carbon may occur. The predominant
product seems to depend as much on the oxidant as on the
structure of amine. Oxidative substitution of primary amines
results in the formation of either hydroxylamines or amine
oxides. Amines may also be oxidized by exclusion of an elec-
tron from the amine substrate by the oxidant thereby forming
radical cations. These radical cations may undergo further
reactions leading to dimer, oligomer and polymers according
to the nature of the substrate. Enzymes such as peroxidases
in the presence of H2O2 and laccases in the presence of oxy-
gen catalyse the oxidation of anilines through free radical
intermediates, which are known to participate in a variety
of non-enzymatic reactions such as disproportionation, poly-
merization, and electron transfer[106]. Oxidative demethyla-
tion of N,N-dimethyl anilines catalysed by peroxidases also
p ox-
o

5

for
t ]
R d
o ry,
s pond-
i atic
a dary
a . The
c , ES-
I

Table 4
Rate constants obtained for the oxidation of X-C6H4-S-CH3 by oxo(salen)chrom

X k2 (×103 M−1 s−1)

Without donor ligand With

H 1.31± 0.03 9.53±
p-OMe 25.9± 0.59 27.8±
p-Me 11.4± 0.23 19.8±
p-F 1.58± 0.08 7.51±
p-Cl 0.93± 0.01 5.33±
p-Br 0.93± 0.01 5.10±
p-CO2H 0.24± 0.02 2.56±
p-COCH3 0.16± 0.01 2.24±
ρ −2.8 −1.5
r 0.965 0.991

a For the structure of oxo(salen)chromium(V) complex (VIIIa ), refer Eq.(15).
roceeds through ET from the amine to a high valent
metal species.

.1. Chromium

Oxo(salen)chromium(V) ions are particularly selective
he epoxidation and sulfoxidation reactions[11,19,29,31,43.
ealizing the importance ofN-oxides, we have use
xo(salen)chromium(V) ions for the oxidation of prima
econdary and tertiary aromatic amines to get the corres
ng N-oxides. Surprisingly, all the three types of arom
mines lead to the formation of oligomers. The secon
nd tertiary amines also undergo dealkylation reactions
ourse of these reactions has been followed by UV–vis
MS and EPR spectral techniques.

ium(V) ionVIIIa in the absence and presence of MPSO, PyO and Ph3POa

MPSO With PyO With Ph3PO

0.07 37.3± 0.09 48.8± 0.08
0.82 90.9± 1.21 133± 1.3
0.55 38.5± 0.89 105± 1.1
0.06 17.2± 0.24 27.4± 0.7
0.05 10.4± 0.12 18.5± 0.2
0.02 9.77± 0.09 18.1± 0.1
0.01 4.68± 0.06 7.33± 0.07
0.01 4.69± 0.05 7.21± 0.05

−1.7 −1.8
0.989 0.994
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Fig. 9. Spectral changes in the oxidation ofm-toluidine with oxo(salen)chromium(V). Inset: change in absorbance with time at 560 and 730 nm.

Scheme 8. Formation of oligomers in oxo(salen)chromium(V) ion oxidation of anilines in acetonitrile.
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Scheme 9. Demethylation reaction mechanism of secondary amines catalysed by oxo(salen)chromium(V) ion.

The spectral changes (Fig. 9) are consistent with clean
conversion of Cr(V) to Cr(III) with an isosbestic point at
518 nm and additional peaks at 470 and 730 nm.

These peaks indicate the formation of oligomers of ani-
lines as the major products of the reaction. To corroborate

this, the progress of the reaction has been followed by ES-
IMS technique. The electrospray ionization mass spectra of
the reaction mixture, prepared usingVIIIa as the oxidant,
and aniline as the substrate were recorded by direct infusion
of the reaction mixture at definite intervals of time (1, 10, 30
Scheme 10. Mechanism for oxo(salen)chromium(V) io
n oxidation of anilines in the presence of ligand oxides.
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and 60 min). This study shows that the species withm/zvalues
183, 274 and 365 are formed during the course of the reac-
tion, corresponding to the dimer, trimer and tetramer of ani-
line, respectively. To account for these spectral observations,
a mechanism for the oligomerization of aniline (Scheme 8),
similar to the electrochemical oxidation is proposed.

Similar ET reaction leading to oligomerization and
dealkylation reaction takes place when oxo(salen)
chromium(V) ion reacts with secondary and tertiary
amines. For the demethylation reaction, the mechanism
shown inScheme 9has been proposed.

Contrary to their ET reactions, when the reaction between
oxo(salen)chromium(V) ion and aromatic amines is carried
out in the presence of donor ligands like pyridineN-oxide,
triphenylphosphine oxide, oxygenation reaction takes place
leading to the formation of correspondingN-oxides. To ac-
count for this, a mechanism shown inScheme 10has been
proposed.

As far as we know, this seems to be the first report re-
garding the change of course of reaction on the metal–salen
catalysed oxidation when the reaction is carried out in the
presence of ligand oxides. To get more details on this reac-
tion, product distribution work is in progress.

5.2. Cobalt

-
i i-
t n-
1 he
s
a
9 , the
h io
o but a
h

(17)

2 s
a uted
a s on

Fig. 10. (a and b) Cobalt–salen complexes.

the nature of the salen ligand[108]. Kinetic studies showed
that the rate-determining step may involve hydrogen abstrac-
tion from aniline moiety, presumably bytert-butoxy radical
generated from homolytic decomposition of initially formed
CoIII (salen)(OOt-Bu). A precursor of8 is found to be the
nitrosobenzene derivative (Scheme 11).
Co(II)–salen complexes (XIi –h) (Fig. 10) catalyse the ox
dation of anilines withtert-butyl hydroperoxide to give n
robenzenes (8) and 4-(tert-butylperoxy)-2,5-cyclohexadie
-imine derivatives (9) in yield distributions depending on t
ubstitution mode of the substrate (Eq.(17)) [107]. 4-Alkyl-
nd 4-aryl-2,6-di-tert-butylanilines gave mixtures of8 and
, where the higher the bulkiness of the 4-substitiuent
igher the yield of8. With 2,4,6-trimethylaniline, the rat
f the nitrogen and C-4 atoms was almost the same:
ydrolysed product11 of the imine is obtained.

,4,6-Riphenylaniline gave only8. Nitrobenzene derivative
re also obtained from 2,6-dialkylanilines and 4-substit
nilines. The catalytic activity of Co(II)–salen ion depend
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Scheme 11. Mechanism for cobalt–salen catalysed oxidation of anilines in the presence oftert-butyl hydroperoxide as proposed by Rieker and co-workers
[107].

5.3. Manganese

Goti and co-workers[109] have reported the oxida-
tion of N,N-disubstituted hydroxylamines to nitrones catal-
ysed by Jacobsen catalyst and this reaction occurs cleanly
in the presence of H2O2, NaOCl or PhIO as the sto-
ichiometric oxidant. meso-3,4-cis-Isopropylidenedioxy-1-
hydroxypyrrolidine gave the corresponding protected 3,4-
cis-dihydoxypyrrolineN-oxide in an enantioenriched fashion
up to 36% ee.

6. Concluding remarks

From the details presented above, it can be realized that
salen ligands have served as useful starting points for the

development of novel catalyst structures. These examples
demonstrate how highly effective catalysts can be identified
using a single ligand framework. Though the synthesis of chi-
ral sulfoxides andN-oxides is yet to be established in most
of the metal–salen complexes, it is important to regard these
ligand structures as useful platforms for the discovery of new
catalysts and reactions[110].

At this stage, we would like to make the following recom-
mendations on the most suitable catalysts for the oxygenation
of organic sulfur and nitrogen compounds. The metal–salen
complexes of Mn and Cr catalyse the oxidation of organic
sulfides to sulfoxides selectively and efficiently by an oxy-
gen atom transfer mechanism. Regarding the role of ligand
oxides, Cr–salen complexes need special mention because
the reactivity of oxo(salen)chromium(V) ion is largely af-
fected by ligand oxides. For the synthesis of N-oxides from
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the aromatic amines, the oxo(salen)chromium(V) ion in the
presence of ligand oxides seems to be the most suitable sys-
tem.
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